ABSTRACT: Coral reefs are suffering a long-term global decline, yet the causes remain contentious. The role of poor water quality in this decline is particularly unclear, with most previous studies providing only weak correlations between elevated nutrient levels and coral mortality. Here we experimentally show that routinely measured components of water quality (nitrate, phosphate, ammonia) do not cause substantial coral mortality. In contrast, dissolved organic carbon (DOC), which is rarely measured on reefs, does. Elevated DOC levels also accelerate the growth rate of microbes living in the corals' surface mucopolysaccharide layer by an order of magnitude, suggesting that mortality occurs due to a disruption of the balance between the coral and its associated microbiota. We propose a model by which elevated DOC levels cause Caribbean reefs to shift further from coral to macroalgal dominance. Increasing DOC levels on coral reefs should be recognized as a threat and routinely monitored.
INTRODUCTION
Corals and their associated biodiversity on reefs are being lost at an alarming rate. Among the most degraded reefs are those of the Caribbean, where coral cover has declined by 80% over the last 30 yr (Gardner et al. 2003) , resulting in a phase shift to algaldominated reefs . Algal overgrowth associated with overfishing (Pandolfi et al. 2003) and bleaching associated with global warming are widely accepted as contributors to this catastrophic decline. Coral disease is also a major contributor to declining coral abundance (Green & Bruckner 2000 , Aronson & Precht 2001 , Sutherland 2004 . In this regard, the role of deteriorating water quality remains controversial (Szmant 2002) . Elevated nutrients (e.g. phosphate, nitrate, and ammonia) are often suggested as a major cause of reef decline, yet physiological and experimental support for this claim has been contradictory and unclear (Stambler et al. 1991 , Steven & Broadbent 1997 , FerrierPages 2000 , Koop et al. 2001 , McCook 2001 . However, water quality has many components which have not been as widely studied, such as dissolved organic carbon (DOC) and pollutants such as pesticides, oil, toxins etc.
The potential role of these other aspects of water quality are of particular interest in the context of coralassociated microbes (both Archaea and Bacteria), which are known to be diverse, abundant, and speciesspecific in some cases (Ducklow & Mitchell 1979 , Rohwer et al. 2001 , 2002 , Kellogg 2004 , Wegley et al. 2004 . Three different Caribbean species living in close proximity have been shown to have distinct bacterial communities, while the same coral species in distant locations have similar bacterial communities (Rohwer et al. 2001 (Rohwer et al. , 2002 . These coral-associated Bacteria likely help to define a coral's ecological niche on the reef, and thus disruption of the microbial community could make corals susceptible to coral disease or mortality (Ducklow & Mitchell 1979 , Segel & Ducklow 1982 , Knowlton & Rohwer 2003 , Rohwer & Kelley 2004 .
Several studies have shown that there is a dramatic shift in the associated microbial community in diseased corals. Frias-Lopez et al. (2002) found that the microbial communities on 3 species of healthy Caribbean corals were strikingly different from the community on the same species of corals that had been infected with black band disease. This result suggests that disease results in a transformation of the normal coral microbial community. Further, molecular studies of Montastraea annularis corals with a white plague-like disease revealed that there exists a whole-animal response to disease, with shifts in the microbial community even healthy looking tissue (Pantos et al. 2003) .
Although we know that the role of the microbial community in coral health and immunity is likely important, the specifics of this interaction remain unclear. In this study, a suite of compounds commonly associated with declining water quality were tested to determine which were most detrimental to corals. Microbial growth rate and additions were also studied to determine whether or not these components disrupted the relationship between a coral and its associated microbial community.
MATERIALS AND METHODS
Coral collection. Montastraea annularis nubbins were collected in Bocas del Toro, Republic of Panama. A hammer and chisel were used to break off the nubbins at the base, so that coral tissue was not damaged. Corals were transported to the Smithsonian Tropical Research Institute's (STRI) Caribbean marine field station in 19 l buckets fitted with plastic separators to minimize coral damage. The M. annularis nubbins were distributed in a random block design in all experiments, with one coral nubbin from each colony used in each treatment set.
Coral ecotoxicology experiments. Experiments were conducted using the Aquatic Automated Dosing and Maintenance System (AADAMS), a custom-built, flow-through system that continually doses coral nubbins with treated seawater (Kline 2006) . The AADAMS can test 40 independent treatments, with 10 replicates per treatment (n = 400). Coral nubbins were maintained in 100 ml opaque plastic incubation vessels that sat in water baths at ambient reef temperatures. The AADAMS was housed in an outdoors culturing room fitted with window screens to achieve light levels similar to those measured on the reef where the corals were collected. Venturi valves in the AADAMS automatically added the treatments to incoming seawater which was delivered to the incubation vessels, replacing the coral's seawater once every 8 min.
This ) and untreated seawater controls. Different combinations of treatments were run in the 5 experiments, and the results from the appropriate treatments were combined. Treatment concentrations were set according to data on polluted reefs (Table 1 ). The corals were also treated with naturally occurring particulate organic matter (POM) that was concentrated from reef water using a 100 kDa tangential flow filter and added back at 10× and 100× concentrations. POM was only added for 1 h d -1
, due to logistical limitations that prevented continuous dosing.
The coral nubbins were monitored daily throughout the experiments, and pathologies (bleaching or mortality) were noted and photographed. Coral mortality was defined as the complete loss of tissue revealing bare skeleton, and mortality was scored as 25, 50, 75, or 100% mortality, depending on the relative percentage of polyps that died.
Microbial growth rate experiment. Montastraea annularis coral columns (~10 cm in diameter) were collected and placed in aerated, 40 l glass seawater aquaria with either 2.5 µM potassium phosphate, 12.5 µM calcium nitrate, 25 mg l -1 glucose or untreated seawater (control); 4 corals were added to each glass aquarium, and all treatments were set up in duplicates, for a total of 8 aquaria (4 treatments in duplicates). At each time point (1, 2, 4, and 26 h) coral surface mucopolysaccharide layer (SML) was collected with a sterile syringe from one coral in each duplicate treatment after placing the coral manually, using gloves, into 0.2 µm filtered seawater (to ensure that the microbial production measured was from the SML, rather than the aquarium water). Each coral was sampled only once during the experiment, and the SML divided into 3 samples. Microbial production was determined using [ microfuge tubes were then incubated in a reef-temperature seawater table. After 1 h, 75 µl of 100% trichloro acetic acid (TCA) was added to stop growth. Carry-over controls were used for each sample by adding the 75 µl of TCA before incubation to determine the amount of unincorporated [ 3 H-methyl]-thymidine that remained in the samples after processing. Samples and controls were then chilled on ice for 10 min and pelleted in a microfuge (15 000 × g, 10 min). The supernatant was aspirated away, and the pellet washed with 1.5 ml of ice-cold 5% TCA, centrifuged again for 10 min and then washed with 1.5 ml ice-cold 80% ethanol (Fuhrman & Azam 1982) . The samples and controls were centrifuged again, aspirated, resuspended in 500 ml of bleach, and vortexed until completely resuspended. The samples and controls were then added to 20 ml of scintillation fluid and counted on a liquid scintillation counter.
Coral-associated Bacteria augmentation experiment. Coral SML was collected with a sterile 10 ml syringe from 3 healthy Montastraea franksi, Agaricia tenufolia, Porites astreoides and Diploria strigosa colonies in the field. Upon return to the laboratory, 100 µl of each respective SML type was spread onto Luria-Bertani agar plates (LB, Sigma-Aldrich) and thiosulfate citrate bile salts (TCBS) plates (Sigma-Aldrich) and incubated at 37°C for 3 d. 'Vibrios' were defined as those Bacteria that could grow on TCBS plates, whereas 'Enterics' were those Bacteria that grew on standard LB plates. Three ml of sterile seawater was added to each plate, scraped with an alcohol-flame-sterilized glass spreader and then dissolved in 50 ml of sterile seawater. A 100 µl subsample from each plate was spread onto a fresh plate and grown in the incubator for the next treatment change. After 3 d, the Bacteria from the 4 SML plates made from the 4 coral species were scraped, and 100 µl subsamples of each were combined onto 1 LB plate and 1 TCBS plate. Plating controls were made by scraping LB and TCBS plates with sterile seawater. Bacteria concentrations were determined based on turbidity measurements using a spectrophotometer (λ = 600 nm) and a standard curve with 1 optical density (o.d.) = 10 9 Bacteria ml -1 . The cultured Bacteria were added to 30 l of fresh seawater in glass aquaria once every 3 d, to make a final concentration of ~10 6 Bacteria ml -1
. There were 10 M. annularis nubbins in each aquaria.
RESULTS

Coral mortality in ecotoxicology experiments
Treatment of corals with phosphorus or nitrogen sources did not cause significant mortality in five 30 d experiments with respect to the seawater controls ( Fig. 1 ; p > 0.1, Mann-Whitney U-test). Coral mortality caused by DOC treatments was on average 5-fold higher (36.6%), and significantly different compared to controls (p < 0.001). Individual treatments that had significantly greater mortality compared with controls included 25 mg l -1 lactose (p < 0.001), 25 mg l -1 starch (p < 0.01), 25 mg l -1 galactose (p < 0.05), 12.5 mg l -1 glucose (p < 0.05) and 25.0 mg l -1 glucose (p < 0.05). Organic carbon treatments caused pathologies similar to those reported for band diseases, with a progressive loss of tissue starting at the colony margins, as well as rapid sloughing of coral tissue. Similar mortality patterns due to DOC loading were also observed in 4 previous culturing experiments using a simpler culturing system in Panama and Puerto Rico (data not shown). Naturally occurring reef POM caused significant bleaching of the corals in both treatments (Fig. 1, p < 0.005 ).
Microbial growth rates
After 26 h, microbial production had increased by almost an order of magnitude on corals treated with D-glucose, and was significantly higher than in the controls (p < 0.001). In all of the other treatments, microbial growth rates were approximately constant and were not significantly higher than the controls (p > 0.05, Fig. 2 ).
122 Fig. 2 . Montastraea annularis. Microbial production as measured by thymidine incorporation in coral surface mucopolysaccharide layer (SML) when exposed to nitrogen, phosphorus and carbon treatments after 1, 2, 4 and 26 h of exposure (± SD). Asterisks (**) indicate that the microbial production rate was significantly greater than the controls (p < 0.001, Mann-Whitney U-test) Fig. 1 . Montastraea annularis. Percentage of coral mortality and bleaching (mean ± SD, given above) from nitrogen (N, includes ammonium chloride and calcium nitrate), potassium phosphate (P) and organic carbon (C) additions after 30 d. Asterisks (**) indicate significant differences between treatments and controls (p < 0.05, Mann-Whitney U-test). Carbon treatments included a naturally occurring carbon source, particulate organic matter (POM)
Augmentation of coral-associated Bacteria
Addition of ~10 6 microbes ml -1 of seawater in aquaria caused elevated coral mortality in aquaria experiments as compared with controls (Fig. 3) . The Vibrios caused 100% mortality in 16 d, while the Enterics caused 90% mortality in 19 d. Both the coralassociated Enterics and Vibrios had a lethal time until 50% mortality (LT 50 ) of 14 d (Fig. 3) .
DISCUSSION
DOC is a critical substrate for microbial growth. Although many of the microbes associated with corals are found in the mucus layer, much of the mucusassociated carbon is in a refractory form that is not available for microbial growth (Herndl & Velimirov 1986 , Wild et al. 2004 . Our observation that DOC loading causes significant coral mortality and increasing microbial growth rates by an order of magnitude suggests that SML-associated microbes are carbonlimited. The addition of simple sugars directly increases the amount of labile DOC, and one possibility is that it enables microbes to break down more complex and previously unavailable carbon sources via co-metabolism (Azam et al. 1993) . Healthy corals actively control the growth rate of their associated microbes (Ducklow & Mitchell 1979 , Breitbart et al. 2005 , and DOC additions may disrupt the normal mechanisms of control. Elevated microbial growth rates likely cause coral death by oxygen depletion, accumulation of poisons (e.g. hydrogen sulphide or secondary metabolites) and/or microbial predation on weakened coral polyps (Segel & Ducklow 1982) .
Due to logistic limitations, microbial growth rate experiments were only run for 26 h. With more time, the microbial growth rates on the coral would likely reach an equilibrium as the populations grew to a level that the coral could no longer withstand. The explosive growth after only 26 h suggests that high levels of DOC rapidly disrupt the balance between the coral and its associated microbes. In support of this hypothesis, Kuntz et al. (2005) showed that continual exposure to elevated DOC leads to an exponential increase in coral mortality.
Addition of Bacteria cultured from the coral SML directly killed corals. The addition of ~10 6 microbes ml -1 approximately doubles the number of Bacteria that the coral is exposed to, because there are normallỹ 10 6 microbes ml -1 of seawater (Moriarty et al. 1985) . However, the diverse and abundant microbial community on corals is fairly evenly distributed taxonomically (Rohwer et al. 2002) , and these treatments likely enriched a subset of the community. This could disrupt the balance between the different Bacteria, possibly leading to overgrowth of a member of the community and subsequent coral mortality. Another possibility is that enrichment of a subset of the community allows these Bacteria to outcompete other Bacteria that could have important defensive (i.e. antibiotic production) or metabolic roles (i.e. carbon or nitrogen fixation).
The vast majority of coral disease incidences occur on reefs with medium-to-high anthropogenic impacts (Green & Bruckner 2000) . Our findings suggest that increasing DOC levels from sewage and organic waste associated with coastal populations could contribute to the high incidence of disease on highly polluted reefs. Pathologies observed with organic carbon additions (a sloughing off of coral tissue often initiating at the coral edge) confirm this supposition, because they were similar to those of known coral diseases (Sutherland et al. 2004) . Furthermore, our experiments with naturally occurring carbon sources revealed that POM concentrated 10 to 100× from reef water caused significant bleaching. Bleached corals are likely to be more vulnerable to disease, suggesting that lower levels of DOC caused coral stress in the form of bleaching, while higher levels lead to mortality.
Other human activities can indirectly raise organic carbon levels on reefs. Removal of herbivores by over- ) were added to 10 coral columns in aerated aquaria. Treatments included Enteric and Vibrio Bacteria cultured from coral SML as well as LB and TCBS culture media controls. The LT 50 is the time required to kill 50% of the corals fishing, aggravated in the Caribbean by an epizootic of the sea urchin Diadema antillarum (Lessios et al. 1984) , has led to increasing amounts of macroalgae. Algal growth is promoted by increasing nitrate and phosphate levels (Hatcher & Larkum 1983 , Littler & Littler 1984 , McManus & Polsenberg 2004 . Because macroalgae release labile DOC from both living and dead tissue (Khailov & Burlakova 1969) , increasing coverage by macroalgae could also contribute to mortality by increasing DOC and thus causing overgrowth of the SML-associated microbial community. The dead coral can then serve as substratum for further macroalgae growth, resulting in additional increases in DOC and a positive feedback loop (Fig. 4) that could rapidly lead to a phase shift from coral to macroalgal dominance. Current management and monitoring protocols almost never measure organic carbon. Our results show that organic carbon must now be recognized as a threat to coral reefs and should be considered in coral monitoring and management plans. 
